This paper reports case studies in eastern Madhya Pradesh -a central Indian province -on community adaptation strategies for sustainable livelihood options. With about 90% of the region being rain-fed, erratic rainfalls in the last fifteen years have caused up to a 60% decrease in crop yields, directly impacting the food security of the region. The System of Rice Intensification (SRI) and horticultural expansion are adaptation measures for tackling climate change. The expansion of kitchen gardens from subsistence-level to commercial-level is another significant development in the region. Meanwhile, increased pressure on common lands has caused fuelwood scarcity for households and decreased livestock fodder. While output of most non-timber forest products (NTFPs) has reduced drastically due to unsustainable extraction, production of mahua (Madhuca indica) has not suffered as much, thanks to a community-managed user regime. Community-based institutions have the potential to support the ecosystem-based livelihoods of forestdependent communities.
Introduction Observed Rainfall in Central India
The rainfall variability during the summer monsoon (June to September) in central India (74.5°E-86.5°E; 16.5°N-26.5°N) has changed significantly between 1950 and 2000 (Appendix Figure 1) . The frequency of days with heavy rainfall (i.e., at least 100 mm/day) increased from 45 to 65 days per year, while the frequency of extreme rainfall events (at least 150 mm rainfall/day) has doubled from 9 to 18 days per year during this period. In contrast, the frequency of days with moderate rainfall (i.e., between 5 and 100 mm/day) has decreased. Thus, the spread of rainfall over the years during this time frame has increased.
Interannual variation in the monsoon cycle is determined by the relative contribution of multiple external and internal air-sea interactions and oscillations, with heavy or less rainfall traditionally resulting in floods or droughts, respectively [39 -41] . However, an increased frequency of extreme events and erratic rainfall along with a decline in number of rainy days provide evidence that climate change is occurring [42] .
Methods

Study Area
A large population of tribal communities resides in the central Indian state of Madhya Pradesh, which is endowed with rich natural resources such as seven river basins, the second highest production of mineral resources in India, and forest areas which cover 30.7% of the state, with a forest area per capita of 0. 16 Ha (compared to a national average of 0.07 Ha) [43, 44] . However, abject poverty, primitive farming methods, Naxalism, and other challenges have caused this tribal belt to lag behind other Indian states in a number of social indicators. The Human Development Index of Madhya Pradesh has consistently ranked the state among the four worst in India over the past few years [45] . Appendix Table 2 reports the major education and health indicators of seven districts of Eastern Madhya Pradesh as an illustration of socioeconomic conditions in this part of country, along with percent forest cover in each district. This part of Madhya Pradesh is characterized by high forest cover, a tribal-dominated population, and large-scale poverty. This study focuses on Mandla, one of these seven districts.
The district of Mandla is located in the eastern part of the central Indian state of Madhya Pradesh (Fig. 1) . The district has 49% forest cover (tropical moist deciduous forest), 26% of which is classified as "very dense forest", 43% "moderately dense forest", and 31% "open forest" [44] . The forest area is dominated by teak (Tectona grandis) and sal (Shorea robusta), mixed with other species like haldu (Adina cardifolla)
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The district, one of the most underdeveloped in Madhya Pradesh, suffers from widespread, chronic poverty. Per government estimates, 57% of the total population of the district consists of scheduled tribes [49] while the state average is 20% [50] . Most of the tribals in India are victims of acute poverty and are living in the worst living conditions [51] . A number of studies highlight chronic poverty and living standards in different tribal groups of India [52] [53] [54] [55] .
The district is home to the Primitive Tribal Groups (PTGs) Gond and Baiga communities. A PTG is defined as a group of tribals who have the following three characteristics: pre-agricultural level of technology, extremely low level of literacy, and near stagnant or diminishing populations [56] . Seventy-five such tribes in India are categorized as PTGs and are accorded special government programs for their development. 
Tools
This study comprises a part of a larger research project that attempts to reconcile biodiversity conservation with local livelihoods in Mandla district. This study is based on various case studies documented through regular visits and meetings with a cross-section of local communities, participatory rural appraisal (PRA) exercises, and personal observation. Primary empirical data were collected using household questionnaires. This study employs a PRA technique known as "time trend," in which respondents provide an account of their past and discuss how matters close to them have changed over a period of time [58] . First, a list of NTFPs available in nearby forest areas was prepared by villagers. Next, to determine the change in availability of NTFPs over last 15 years, the participants were given 20 coins (the same denomination) representing the amount of NTFP available 15 years earlier. Then, the participants were asked to represent the amount of NTFP available 5 years ago and present availability by withdrawing or adding new coins. For example, if 20, five and two coins represented the amount of a particular NTFP available 15 years ago, five years ago and today, it was inferred that the availability of NTFP decreased from 100% to 25% and then to 10% during said period. This exercise was conducted with villagers more than 40 years of age, and engaged in NTFP collection for at least 30 days (with at least three hours of collection per day) per year. A typical group consisted of 10-12 participants. A total of 25 such exercises were conducted in all 25 hamlets of seven villages. The role of the author was limited to facilitating the discussion among group participants and documenting the results.
Participatory
Focus group discussions (FGDs) also were conducted with villagers to determine recent impacts of heavy and low rainfall on agriculture, livestock and overall livelihoods in the region. FGDs were conducted in different groups based on gender, social background, and primary occupation.
A typical village has two to four hamlets, with about 25 to 50 households each. The author conducted PRAs in all hamlets of a village. One representative from every household of a hamlet that fulfilled abovementioned criteria (age, time devoted for NTFP collection) was invited to participate in PRA exercises. The exercises were conducted at a public space within the village. A typical FGD comprised 10 to 12 members and took about 45 minutes. In total, 25 FGDs were conducted in seven villages.
Semi-structured Interviews:
A five-year demonstration vermicomposting program was launched in 2007 by a non-governmental organization (NGO), the Foundation for Ecological Security (FES), with 35 farmers in ten villages of Mandla district. I conducted a mid-term review of this program in 2009 to assess its impacts. The review was conducted with the farmers through a semi-structured interview addressing four themes: change in agricultural productivity, perceived change in soil quality, procedural problems faced while using vermicompost/ vermiculture, and financial loss or benefit through vermicomposting.
Household questionnaires: Household questionnaires were administered in 14 villages covering a total of 580 households to gather socio-economic data on family size, agriculture, livestock, sources of income and expenditures, and migration patterns 1 . Detailed questions on some of these issues were asked. For example, for agriculture, I assessed community perceptions towards indigenous versus modern agricultural practices, using a five-point Likert scale covering four areas: long-term financial benefits, water retention capacity of soil, production stability, and pest attacks. Data on change in perception level of soil fertility and fertilizer usage over ten years were collected only from farmers more than 40 years of age and actively engaged in agricultural activities for the past 15 years. Only selected and relevant household-level data, listed in Table 1 , are presented in this paper.
Finally, during the course of this research, the author came across a unique case of vegetable cultivation in Gadia, a village situated on the banks of Matiyari Dam in Mandla. Gadia was not included among the villages surveyed because it falls off-cluster, i.e., is isolated from the others. Information about Gadia was collected through informal discussions with eight farmers only.
Results and discussion
In Mandla, agriculture is the primary economic activity undertaken by the community on a large scale. The major crops grown are rice, wheat, maize, mustard, minor millets, linseed, rapeseed, lentil, chick pea, red gram, and black gram. The net sown area in Mandla is 23%, less than half of the state average of 48% (Appendix Table 3 ). Average land holding per household in 2000-01 in Mandla was 1.8 ha [48] . Per capita gross cropped area in the district is 0.31 ha. Irrigation coverage in the district is poor, and a vast majority of the agricultural area is rain-fed, as only 8% of the net sown area is irrigated. Average fertilizer consumption per ha of gross cropped area is 16 kg/ha, far less than the state average of 55 kg/ha and the country average of 90 kg/ha. Per capita food grain production in the district is 172 kg, less than the state's average of 219 kg per capita. Table 1 . Data generated in this case study, method of collection and sample size (n). Income from vermicomposting Semi-structured interviews 35
Data
Even though critical factors like net sown area and irrigation facilities are far less than the state average, per capita production of the district is not much less than the state average. This is primarily due to a regional disparity in productivity within the district. The southwestern part of the district, Haveli and Hirdenagar, covering about one-fifth of total geographical area of district, practices agriculture on commercial scales. This region is endowed with favorable geophysical conditions (e.g., flat topography and black soil [59] ) and sufficient water availability. Commercial agriculture uses modern irrigation facilities (e.g., canals) and high fertilizer dosage to enhance production levels. Meanwhile, most of the district lacks such opportunities, primarily due to chronic poverty, and practices traditional rain-fed agriculture. In the latter case, gross cropped area is high, but yield per hectare is far less than the former case. Note that the field data used in this study does not come from the resource-rich area.
The productivity of major crops of the district, primarily rice and wheat, is below the state average production per hectare (Appendix Table 4) . At the district level, agricultural production is sufficient to meet subsistence needs, and a meager part of the produce, primarily rice, is sold in local markets. Data collected from 150 households suggest that only 16% of households surveyed actually sold any agricultural produce in the market (Table 2 ). In a study covering 113 households, Debnath [60] found an average annual income in three villages of Mandla of 138 USD, which comes mainly from agricultural output (52%) and wage work (27%). Due to the lack of industrial development, especially at the small and medium scales, wage-labor opportunities are scarce in the region. Consequently, during the non-agricultural season (i.e., mid-January to April), males migrate to regional industrial hubs located 100-200 miles away from the home village to earn cash income for the family (Table 3) . Females generally stay in the village to care for children and family elders, and work under government and non-government sponsored labor schemes to earn cash income. Males prefer not to work under these labor schemes primarily because these opportunities are not available throughout the year, the supply of labor exceeds demand, and the remuneration offered is less than one-third of the wages paid in industrial hubs. 
Village
Agriculture and Rainfall
Climate change is likely to intensify the variability of weather patterns, leading to a rise in extreme seasonal aberrations, such as increased precipitation and devastating floods in some parts of India and reduced rainfall and prolonged droughts in other areas. The Climate Vulnerability Index (CVI), calculated from social, economic, agriculture, water resource, forest and climate indices, suggests that Mandla is among those districts most vulnerable to climate change [61] .
Agricultural production in Mandla is strongly dependent upon the amount and distribution of rainfall in a year. The bulk of the rainfall (97%) over a year occurs from June to September, during the south-west monsoon (Appendix Table 5 ). Thus the intensity and distribution of rains during this period play a pivotal role in determining the success of water-intensive crops like rice.
Rainfall intensity and distribution have also varied substantially over the period under study. For example, in June 2007, the district received just 97 mm of rainfall while in the next year it received 602 mm rainfall during the same month (Appendix Table 5 ). June is a critical period for Indian agriculture, because the sowing of rice occurs during this time and the availability of water has direct implications on success or failure of agricultural crops. Even if a particular monsoon season receives average rainfall and may be considered a normal monsoon overall, the distribution of rainfall from June to September is nonetheless important to agricultural output.
Since 2005, the farming community within the Mandla region has been gradually adopting organic farming under the System of Rice Intensification (SRI) method for rice cultivation. SRI, developed in the 1980s and 1990s in Madagascar, enhances the yields of rice (Oryza sativa L.) through synergy among several agronomic management practices [62] . The main components of SRI include transplanting of young seedlings at wide spacing (about 10 inches), water management that keeps the soil moist but not continuously flooded, weeding before canopy closure, and reliance on organic compost. SRI advocates suggest that synergies among these unconventional management practices unlock the physiological potential of rice [63] . These modifications to seed preparation and sowing decrease input costs and increase production. SRI addresses food-security needs of the region through higher productivity and more efficient utilization of water resources, which can be put to use in other agricultural and livestock systems. At the district level, the area under SRI cultivation in the region increased from 35 ha to 791 ha between 2005 and 2009 [69] . The results of the socio-economic survey described below (Table 4) show that farmers prefer indigenous over modern agricultural methods. SRI involves locally available inputs like seeds and organic manure and little enhancement to indigenous methods of farming, such as seed treatment and agricultural field preparation. Hence, SRI is more accessible to poor farmers than input-dependent technologies that require greater capital and logistical support [70] . Despite all these positive results, outreach of SRI is limited primarily by lack of awareness (e.g., from low literacy levels) and deep-rooted faith in traditional agricultural practices.
Statistic
No investigation of the GHG emissions from SRI has been done. However, because rice plots are not flooded under SRI, this method of rice cultivation is expected to reduce methane emissions from flooded rice fields [71] [72] [73] [74] . Other studies have reported that manure has approximately one-fifth as much impact on climate change as synthetic nitrogen fertilizers [75] . Since SRI uses organic fertilizers, the decreased input of nitrogen fertilizers potentially reduces nitrous oxide emissions, though further investigation is necessary [76] . 
Livestock dependency
Livestock are an important component of agricultural output across most of rural India. Livestock provide high-value, protein-rich animal products, provide draught power and manure, and act as an investment that can be sold for cash when needed. The impact of climate change on livestock is a matter of serious concern, as the majority of livestock in India is in the hands of resource-poor households [77] . An increase in temperature would negatively impact growth, reproduction and production of livestock, impacting the livelihoods of those who depend upon it [78] .
Oxen, cows, buffalos, pigs, goats and hens are the major types of livestock reared in the region. Most of the livestock in Mandla are indigenous varieties. Hybrid or cross-bred varieties are generally not preferred, primarily due to greater water and fodder requirements. Currently, feed and fodder shortages are amongst the main problems faced by the communities in Mandla. A significant part of feed is obtained through the husk derived from rice grown in agricultural fields. The remaining fodder requirement is met through open grazing, generally on forest lands. Over the years, this has resulted in extensive pressure on an already depleted forest resource base, limiting animals' access to both quantity and quality of fodder species.
Since 2005, communities have taken steps towards the development of common lands by growing species to augment fodder and fuelwood supplies, which were becoming increasingly scarce in village common lands, including forests. This was possible through technical help from the Madhya Pradesh Forest Department and community mobilization through NGOs like Action for Social Advancement, Foundation for Ecological Security, and World Wide Fund for Nature -India. In one case, in the village of Luhari, locals revegetated a small hillock of 12 ha to meet fuelwood and livestock fodder requirements expected for coming years. Recognizing the problem of fuelwood and fodder scarcity, villagers themselves formulated rules and put into place an institutional mechanism to protect the revegated hillock from overgrazing. Such issues, when discussed at the appropriate village-level forums, resulted in the formulation of rules regulating the use of common property resources (CPRs). The community has recognized the importance of CPRs to their livelihoods, as well as the changes observed over time in availability of CPRs like tree species and water.
NTFP Dependence
NTFPs form a significant part of the annual income of a typical tribal household of central India. On average, NTFPs contribute about 30% of the total cash income per year of a household [79] . Mahua (Madhuca indica) is an important NTFP, the flowers of which are either distilled and consumed as liquor, or dried and eaten, sometimes with corn-flour, in periods of extreme drought. Other important NTFPs in Mandla include Anogeissus latifolia (used for construction material and animal fodder), Terminalia bellirica (fruit used in curing bronchitis and asthma, and used along with Phyllanthus emblica and Terminalia chebula to prepare a herbal combination), Emblica officinalis (Indian gooseberry, rich source of Vitamin C, oil used as hair-restorer). Results from the PRA with villagers suggest that, over the past few years, unsustainable harvesting of these and other commercially valuable NTFPs has resulted in a sharp decline in their availability (Table 5) . Terminalia chebula (Combretaceae) harra medicine (cough) 100 50 25
* Similar results were found in Mishra [80] in Mandla and in # Kala [81] , Central India.
A complex combination of economic and other factors affect the rate of NTFP extraction. Studies elsewhere in India [82] [83] and other countries [84] suggest that the rate of extraction of NTFPs is linked to the degree of agricultural stress. For example, when low agricultural productivity occurs in a drought year, tribals in Mandla tend to extract and sell more NTFPs to meet the food security needs of their households. Since NTFPs have a ready and accessible local market, income from NTFPs helps compensate for lean harvests. Moreover, the typical flowering season of many of the major NTFPs coincides with the agricultural post-harvest period in March. Consequently, not only do tribals have sufficient time to go to forest areas to extract NTFPs, but they can also determine the level of extraction based on the results of the agricultural harvest.
According to the PRAs conducted within the seven villages of Mandla, since 2005 the tribal communities have observed a significant change in the phenology of local mahua: a gradual shift in fruiting and flowering period from mid-March to mid-February. The shift in the flowering season of mahua reflects a discernible change in the local forest ecology. During mid-February, the agricultural season is about to end and farmers are preoccupied with harvesting their produce. Early onset of mahua flowering during the harvest period leaves less time for the community to collect this NTFP. Such situations have a direct implication for the food security of the region. As the availability of major NTFPs diminishes (Table 5) , the number of livelihood alternatives for meeting subsistence needs decreases.
At the same time, note that the harvest of mahua has fallen less than that of other NTFPs over the years ( Table 5 ). This is due to the user regime of mahua, which has been in place for many generations. Traditionally, the rights to harvest the fruit and flowers of each mahua tree have been assigned to households in the village. This tenure mechanism has resulted in sustainable collection from this species, though the shifting of its flowering season has seriously impacted the livelihoods of tribals. The 25% decrease in availability shown in Table 5 is due primarily to the shift in flowering season rather than to unsustainable harvesting practices. In contrast, villagers revealed in their time trends that other NTFPs were harvested at a large scale to fulfill demands of contractors and earn "easy cash." Thus, except mahua, all other NTFPs listed in Table 5 were likely harvested through unsustainable practices, resulting in decreased availability over the years.
Alternate livelihood options
Due to decreasing agricultural productivity, a tribal family needs additional sources of income to ensure the food security of the household. The tribal communities in the study area have developed alternate livelihood options to cope with changing climatic conditions.
The household surveys reveal that three-fourths of farmers perceived that soil fertility, based on their agriculture experiences, had degraded over the last ten years ( Figure 2 ). Presently, one cannot conclude whether climate change has directly affected the soil fertility of the region or not, as the effects of warming on soil composition have been poorly studied [85] . Correspondingly, fertilizer consumption over the past ten years has increased by more than 50% for more than 40% respondents surveyed ( Figure 2 ).
Due to the combination of decreased soil fertility, the consequent increase in expensive fertilizer use, erratic rainfall patterns, and the lack of irrigation facilities, the farming communities needed new low-cost land productivity enhancement techniques. One of the options exercised in the region is organic farming through vermicomposting. The communities are gradually adopting organic farming to enhance land productivity, improve edaphic quality, and earn cash income through the sale of vermiculture and vermicompost. Local purchasers of vermiculture and vermicompost often anticipate adopting this form of farming and want to see results from vermicompost before setting up their own composting operations. Results from the midterm review of the vermicomposting program in 2009 revealed that out of 35 farmers, the majority of farmers were practicing vermicomposting for self-consumption (Table 6) . However, fourteen farmers were actively selling vermicompost and vermiculture to fellow farmers living within the same or neighboring villages. One of these farmers, practicing vermicomposting at a large scale due to resource availability (e.g., land, water and initial investment), realized an income of 275 USD in a six month cycle. Since such initiatives are only two years old, the change in edaphic quality has not yet been measured empirically. However, the farmers claim that the moisture retention capacity of the soil has increased moderately since adoption of vermicompost. Horticulture is another option for tribal communities to adapt to changing climatic conditions and tackle to increased climate-induced risk to traditional income-generating activities. Horticulture development is a long-term investment, as well as an expansion and diversification of the "livelihoods basket" of a tribal family to cope with fluctuating agricultural and livestock productivity. Tribals have traditionally grown fruit-bearing trees in the backyards of their households to meet household-level needs. However, due to central government schemes (e.g., National Horticulture Mission, Nandan Phalodyan) and community receptiveness towards block plantations of horticulture tree species, the region has witnessed a gradual shift towards commercial production in the past five years. Note that if practiced on too small a commercial scale, horticulture requires significant effort and can be a risky proposition due to its significant vulnerability to water scarcity.
During the summer season, when the water available to households is most scarce, devoting water towards horticulture is far more difficult and critical. To cope, farmers have used innovative methods to ensure water availability for horticulture. For example, discarded hospital saline bottles were modified to act as drip irrigation to increase the efficiency of water usage and ensure an uninterrupted supply with minimal loss during the first three years of plantation. After three years, the root systems of the plants develop sufficiently to reduce significantly their mortality rate. Another low-cost method to ensure moisture availability for horticultural trees, especially during the initial three years of plantation, has been the placement of small-sized rocks near the plant, within a half-meter radius. The rocks assist in moisture retention by reducing evaporation from porous soils, even during the water-scarce summer, which helps the young plant to survive. In their interviews, the eight-member group reported earning USD 320 by selling the produce in the local market and consumed vegetables worth USD 160 over a period of six months. These villagers were so enthusiastic about the returns from vegetable cultivation that they decided to undertake it again the next year. In 2009, the group prepared the same area for vegetable cultivation. However, soon after the seeds were sown, unexpected autumn rains destroyed the crop. This heavy rainfall was entirely unexpected based on recent historical experience: note that 118 mm of precipitation fell in November 2009, whereas nearly no rainfall had occurred during this time of year since at least 2004 (Appendix Table 5 ). This case clearly highlights that some adaptation strategies in a predominantly rain-fed agricultural region are acutely vulnerable to unpredictable climatic fluctuations. Though adapting to climate change will require diversification of local livelihood portfolios, selecting alternative livelihood options less vulnerable to changing climatic conditions would enhance their probability of success and long-term sustainability.
Conclusions and implications for conservation
The cases described above highlight climate-induced changes experienced by agricultural tribal communities in Central India. With only 8% of cultivation areas irrigated in Mandla, rainfall and temperature variations have a significant effect on agricultural productivity. Where agriculture is practiced using traditional (i.e., non-mechanized) methods to meet subsistence needs, the role of rainfall patterns becomes more critical. Due to poverty and heavy traditional dependence on cultivation and harvest of natural resources, tribal communities often find it difficult to adopt non-farm activities. Indigenous and locally available agricultural resources and practices have a higher probability of acceptance by tribals. Livestock provides crucial agriculture support, although sustaining livestock has gradually become a challenge due to limited water and fodder availability.
Due to the great proportion of total geographical area under forests, the role of forests in tribal livelihoods cannot be ignored. However, the yield of major NTFPs has decreased substantially during the past two decades, primarily due to increased rates of extraction linked to increased agricultural stress. To cope with these changes in traditional livelihood systems, tribals have explored alternate livelihood options like horticulture and vegetable cultivation. These alternate livelihood options were practiced on a small-scale experimental basis with mixed results. These findings suggest that: (a) critical inter-linkages exist between forest, agriculture and water resources; (b) short, medium and long term planning are necessary; and (c) strategies for adapting to climate change must incorporate complex inter-relationships among different natural resource components.
In India, community-based natural resource management (CBNRM) has historically resulted in mixed outcomes for all the stakeholders involved. There are numerous examples documenting both the success and failure of institutional attempts at CBNRM [86] [87] [88] [89] [90] [91] [92] [93] [94] . However, we cannot ignore the need for stronger democratic institutions for supporting community resilience to the livelihood impacts of climate change. I do not propose that village-based institutions are the sole solution for tackling climate change in tribal dominated areas or elsewhere. Nevertheless, institutions, such as village meetings, offer an open and democratic platform for discussing common issues arising out of climate change.
This paper raises serious questions about the future management of natural resources, especially water and forests, in central India. Although the tribal community of the region has taken a few steps to cope with changing climatic conditions, most of these steps have been at the local level and have primarily focused on diversifying livelihoods. Moreover, in spite of these small improvements, all major components of tribal livelihoods (agriculture, livestock, NTFPs) will continue to be directly dependent upon water and forest resources for the foreseeable future. Thus, biodiversity conservation, to the extent that it impacts forest health and water availability, is of prime importance for local resilience to climate change. Like the adaptation strategies described above, government agencies and local NGOs, acting with local community participation, can play a strategic role in initiating conservation measures.
It is beyond the scope of this paper to document the loss of floral and faunal species in the region over the past few decades. However, a study of species' habitat loss could provide an improved understanding of complex inter-relationships among different natural resource components.
Presently, the future of tribal communities is difficult to predict -whether traditional livelihood systems will succeed or the role of alternate livelihood options will gain more importance; whether farm-based alternate livelihood options will gradually mature and contribute significantly in tribals' "livelihood basket", or non-farm based livelihood options will emerge. Regardless, climate change surely will critically impact food security, forest structure and function, and human welfare for these subsistence communities.
